Combined assessment of polymorphisms in the LHCGR and FSHR genes predict chance of pregnancy after in vitro fertilization.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. • You may not further distribute the material or use it for any profit-making activity or commercial gain • You may freely distribute the URL identifying the publication in the public portal Take down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim. Main results and the role of chance: Women homozygous for serine (S) in both 48 polymorphisms displayed higher pregnancy rates than women homozygous asparagine (N) 49 (OR=14.4, 95% CI: [1.65, 126], p=0.016). Higher pregnancy rates were also evident for women 50 carrying LHCGR S312, regardless of FSHR variant (OR=1.61, 95% CI: [1.13, 2.29], p=0.008). 51 These women required higher doses of FSH for follicle recruitment than women homozygous N 52 (161 IU vs. 148 IU, p=0.030). When combining the study cohort with the replication cohort 53 (n=606), even stronger associations with pregnancy rates were noted for the combined genotypes 54 (OR=11.5, 95% CI: [1.86, 71.0], p=0.009) and for women carrying LHCGR S312 (OR=1.49, 55 95% CI: [1.14, 1.96], p=0.004). A linear significant trend with pregnancy rate and increasing 56 number of G alleles was also evident in the merged study population (OR=1.34, 95% CI: [1.10, 57 1.64], p=0.004). A lower cAMP response in granulosa cells was noted following Follitropin 58 alpha stimulation for women homozygous N in both polymorphisms, compared to women with 59 other genotypes (0.901 pmol cAMP/mg total protein vs. 2.19 pmol cAMP/mg total protein, 60 p=0.035). 61 Limitations, reasons for caution: Due to racial differences in LHCGR genotype distribution, 62 these results may not be applicable for all populations. 63 Wider implications of the findings: Despite that more than 250 000 cycles of gonadotropin 64 stimulations are performed annually worldwide prior to IVF, it has not been possible to predict Introduction 75 About 15% of all couples experience involuntary childlessness (World Health Organization, 76 2000). This number is expected to increase as a combination of socially related issues with 77 prolonged time to start a family and increased access to assisted reproductive techniques also in 78 rapidly growing economies as in Asia. 79 80 It has for a long time been known that follicle-stimulating hormone (FSH) plays a central role in 81 the endocrine regulation of female as well as male gametogenesis. Follicle-stimulating hormone 82 mediates its effect via the FSH receptor (FSHR) located on the cell membrane of ovarian 83 granulosa cells (Camp et al., 1991) from where FSH drives follicular maturation (McNeilly et 84 al., 1991) and estrogen production (Nordhoff et al., 2011) . The FSHR belongs to the G protein- 85 coupled receptor family and hence signals through the classical Gαs/3'-5' cyclic adenosine 86 monophosphate (cAMP)/protein kinase A pathway (Means et al., 1974) , but also through for 87 example the adapter protein containing pleckstrin homology domain, phosphotyrosine binding 88 domain and leucine zipper motif (APPLI1)/inositol 1,4,5,-triphosphate (IP3) signaling pathway 89 (Thomas et al., 2011) . 90 The FSHR gene is located on chromosome 2 and consists of ten exons. Exon 10 holds five single 91 nucleotide polymorphisms (SNPs) in the coding region, of which the one in amino acid position 92 680 (N680S; rs6166), in the intracellular domain, is the most thoroughly studied (Simoni et al., 93 1999; Gromoll and Simoni, 2005) . In Caucasian populations approximately 30% are 94 homozygous for asparagine (N), 50% are heterozygous, and 20% are homozygous for serine (S) 95 (Kuijper et al., 2010; Lindgren et al., 2012) . It has been proposed that women homozygous for 96 FSHR S680 require a higher dose exogenous FSH prior to IVF than those with FSHR N680, in 97 order to achieve successful ovarian stimulation (Perez Mayorga et al., 2000; Sudo et al., 2002) . 98 These women also seem to have longer menstrual cycles and have a higher risk for severe 99 ovarian hyperstimulation syndrome compared with women with other genotypes (Daelemans et 100 al., 2004) . In a previous study it was also evident that women homozygous for FSHR N680 more 101 often became pregnant after IVF, compared to women with other genotypes (Jun et al., 2006) . 102 Altogether, these observations indicate that individuals who are carriers of FSHR S680 may have 103 decreased FSHR response compared with carriers of one or two copies of FSHR N680. 104 Furthermore, it was recently suggested that intracellular cAMP production was faster in human 105 granulosa cells from homozygous carriers of FSHR N680 than in women homozygous for FSHR 106 S680 when stimulated with FSH in vitro (Casarini et al., 2014) . However, this study only 107 comprised four women. Luteinizing hormone (LH) mediates its effect through the LH/human chorionic gonadotropin 110 (hCG) receptor (LHCGR) located on cell membranes of granulosa and theca cells (Camp et al., 111 1991) . When LH binds to LHCGR on theca cells, androstenedione and subsequently estradiol 112 production is triggered (Short, 1962) . Like the FSHR, the LHCGR also belongs to the G protein-113 coupled receptor family and holds seven transmembrane helices. The LHCGR gene is located on 114 chromosome 2, close to the FSHR gene, and contains 11 exons. Of the polymorphisms in the 115 LHCGR gene, the N312S polymorphism (rs2293275) in exon 10 is one of the most studied. 116 Approximately 18% of Caucasian populations are homozygous for the A allele of the LHCGR 117 N312S polymorphism encoding N, 49% are heterozygous, and 33% are homozygous for the G 118 allele, encoding S (Valkenburg et al., 2009 ). The LHCGR N312S polymorphism is located near a 119 glycosylation site which indicates that variations in the sequence could affect sensitivity. A few 120 7 cohort studies have proposed that the N variant may render the LHCGR more sensitive (Piersma 121 et al., 2007; Simoni et al., 2008) . The LHCGR N312S polymorphism has also been linked to 122 polycystic ovary syndrome (PCOS), where heterozygous women had two-fold increased risk of 123 PCOS and those homozygous for N had a three-fold increased risk in a Sardinian population 124 (Capalbo et al., 2012) . 125 126 Since the endocrine regulation of the process leading to the creation of a competent oocyte and 127 thereby female fertility is dependent on both FSH and LH, the objective of the current study was 128 to investigate if described polymorphisms in the FSHR and LHCGR genes, separately and in 129 combination, impact IVF outcomes and clinical parameters in IVF trials. In addition, since FSHR 130 and LHCGR are expressed on granulosa cells, the downstream hormonal effects were 131 investigated by culturing and stimulating these cells in vitro.
132

Materials & Methods
133
Subjects 134 Women undergoing IVF at the Reproductive Medicine Centre, Skåne University Hospital, 135 Malmö, Sweden (n=384) were consecutively enrolled in the study from September 2010 to 136 February 2015. Inclusion criteria were regular menstruation cycle of 21-35 days, bilateral 137 ovaries, body mass index (BMI) <30 kg/m 2 , younger than 40 years of age, and non-smokers. The 138 women were between 22 and 39 years of age (mean: 32.0±3.82) on the day of follicular fluid 139 aspiration (Table I) . A venous blood sample was drawn for DNA extraction with subsequent 140 FSHR and LHCGR genotyping. Follicular fluid was collected for subsequent granulosa cell 141 isolation from n=135 women while undergoing oocyte retrieval. Clinical data for the women 142 were retrieved from medical records. In n=11 women, BMI was missing and these women were 143 hence excluded when associating genotype with clinical parameters, resulting in a total of n=373. 144 In n=30 women, data regarding baseline FSH values were missing, and these women were 145 therefore also excluded when associating genotype with baseline FSH values. Additionally, in 146 n=37 women, data regarding cycle length was missing (although the cycle length of these 147 women were in the normal range) and hence these women were excluded when associating cycle 148 length with genotype. (Table I ). The BMI values for these women 155 were not recorded, and therefore this parameter was missing for this population. However, in 156 order to undergo an IVF treatment at this clinical unit, BMI has to be <30 kg/m 2 . Clinical data 157 regarding age and IVF parameters were retrieved from medical records. by a denaturation step at 96ºC for 10 min, followed by 37 amplification cycles, each consisting 188 of denaturation at 96ºC for 1 min, annealing at 61ºC for 30 sec and elongation at 72ºC for 3 min. Since the study was performed on candidate genes, no correction for mass significance was done 306 (Cordell and Clayton, 2005 For the LHCGR N312S polymorphism, no differences regarding background characteristics were 342 found between women with N312 or S312, except for a marginal difference in age (Table I) . 343 Women homozygous for N received lower mean daily as well as total dose of FSH during IVF 344 treatment. A trend towards higher pregnancy rates for women carrying LHCGR S312 was found 345 (Table I , Fig IA and B) When merging the first study population with the second validation group, in total n=606 363 women, a higher pregnancy rate was evident for LHCGR S312 carriers (Table I; Fig IV) . 424 Regarding the FSHR N680S and LHCGR N312S polymorphisms, no differences in response to 425 Follitropin alpha or Menotropin were observed in the induction of cAMP or IP3 production 426 (Table IV) The main findings of the present study was that women homozygous for S in both 441 polymorphisms studied had a four-fold higher chance of pregnancy compared to women 442 homozygous for N in corresponding codons. It was also evident that carriers of S312 in the 443 LHCGR more often became pregnant after IVF than those with N in the same position; 56% 444 higher rate for heterozygous women with one S and 83% for homozygous women, compared to 445 women homozygous for N. The same patterns were also present in women who had an embryo 446 transferred. The main finding of the present study was also validated in an independent 447 population of women, though not statistically significant, most probably due to a smaller number 448 of women eligible than in the first study population. In the merged cohort, consisting of more 449 than 600 women, relationships with pregnancies were even stronger than in the original cohort, 450 and a linear association with pregnancy rate and increasing number of G alleles was noted. 451 452 Both FSH and LH are required for adequate oocyte maturation (Segaloff and Ascoli, 1993) , and 453 hence it is not surprising that variants of the LHCGR play a role in the outcome of IVF 454 treatments. The mechanism underlying is unknown, but it has been proposed that G protein-455 coupled receptors may form homo-and heterodimers (Angers et al., 2002) , so that stimulation by 456 one of the hormones could be mediated in part through the other hormone's receptor and that 457 some isoforms of the different receptors may have beneficial function compared to other 458 isoforms. Thus, the LHCGR genotype could influence the response to FSH stimulation. Still, 459 many LH effects are considered as indirect since the distribution of LHCGR on granulosa cells is 460 not as dense and stable as the FSHR distribution during the menstrual cycle (Camp et al., 1991) . 461 In the current work, an attempt to elucidate the mechanism behind the impact of combinations of finding has yet to be regarded as preliminary, due to the fact that the cells used in the in vitro 470 experiments were pre-stimulated during the IVF trial in the clinic, which could impact the 471 results. The receptors on the granulosa cells may for example already have been down-or up-472 regulated to some extent, which could affect further stimulation with hormonal agents.
474
No differences in the number of follicles or oocytes between those carrying LHCGR N312 and 475 S312 were found in the current study population, nor were there any obvious differences 476 regarding embryo quality. Nevertheless, the pregnancy rates differed markedly. This could either 477 be due to small differences in the maturation of the oocyte, not visible through light microscopy, 478 and taking place after the hCG administration; or a problem that occurred at a later 479 developmental stage, after embryo transfer. Since LH regulates the formation of corpus luteum, 480 it could also be due to some insufficiency of this structure, which could affect its ability to 481 produce hCG and progesterone, which is needed to support the hatching embryo. The large 482 difference in pregnancy rates could also partly be an effect of differing stimulation protocols 483 prior to IVF treatment, and we therefore adjusted for this factor in the analyses. Furthermore, 484 when PCOS cases were removed from the analyses, the association with pregnancy rates became 485 stronger, indicating that the interplay between receptors and gonadotropins in this category of 486 patients may be different than in other women. Women homozygous for LHCGR N312 also 487 required lower doses of exogenous FSH for adequate response. Considering the dimerization 488 hypothesis, this could indicate that N renders the receptor more hormone sensitive, which is 489 consistent with earlier hypotheses (Piersma et al., 2007; Simoni et al., 2008) . Several studies 490 have also indicated that high LH levels (>10 IU/L) are associated with increased miscarriage 491 rates and lower chances of pregnancy (Regan et al., 1990; Shoham et al., 1990) , and it seems 492 likely that a more sensitive LHCGR would have the same effect. Casarini et al., 2014) . This could at least partly be explained by differences in study 499 populations, as one of the previously used study population was considerably smaller, only 500 comprising 161 women (Perez Mayorga et al., 2000) . Ethnic origin could also account for some 501 differences (Sudo et al., 2002) .
503
The strength of the study was the large cohort of consecutively enrolled patients. These women 504 were hence not selected for the study, but an ordinary cohort of women visiting a fertility clinic. 505 The findings can therefore be generally applied. Another strength was the purity of the granulosa 506 cell material, which made it possible to compare in vitro results and clinical results within the 507 same study population. A drawback of the study was that it was not recorded when in the 508 26 menstrual cycle the baseline reproductive hormones were obtained, which therefore not was 509 possible to adjust for. These proceedings may have masked possible links between receptor 510 genotype and gonadotropin concentrations. 511 Another weakness was that due to limited biological material, granulosa cells were not available 512 for in vitro stimulation from all women. 
